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Abstract We report on the magnetic and electrical proper-
ties of Pr0.6Sr0.4MnO3 single crystals. This compound un-
dergoes a continuous paramagnetic-ferromagnetic transition
with a Curie temperature TC ∼ 301 K and a first-order struc-
tural transition at TS ∼ 64 K. At TS, the magnetic suscep-
tibility exhibits an abrupt jump, and a corresponding small
hump is seen in the resistivity. The critical behavior of the
static magnetization and the temperature dependence of the
resistivity are consistent with the behavior expected for a
nearly isotropic ferromagnet with short-range exchange be-
longing to the Heisenberg universality class. The magneti-
zation (M–H ) curves below TS are anomalous in that the
virgin curve lies outside the subsequent M–H loops. The
hysteretic structural transition at TS as well as the irre-
versible magnetization processes below TS can be explained
by phase separation between a high-temperature orthorhom-
bic and a low-temperature monoclinic ferromagnetic phase.
Keywords Manganites · Phase separation
1 Introduction
Perovskite oxides of the type R1−xAxMnO3(R = rare earth
ion, A = divalent ion) exhibit remarkable physical proper-
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ties including colossal magnetoresistance, charge/orbital or-
der and a complex magnetic phase diagram. Extensive stud-
ies on these materials revealed that the physical properties
are very sensitive to subtle structural distortions. One pe-
culiar case is the Pr1−xSrxMnO3 system. The parent com-
pound PrMnO3 crystallizes in an orthorhombic structure and
is an A-type antiferromagnetic (AFM) insulator. Doping of
Sr2+ ions leads to a ferromagnetic (FM) metallic phase for
0.2 < x < 0.4 [1]. Various AFM structures result for higher
strontium doping [2, 3]. A first-order transition from a FM
metallic to an AFM insulating phase has been observed in
Pr0.5Sr0.5MnO3 [4]. This kind of transition persists only up
to x = 0.55 [5]; compounds with higher doping level x re-
main insulating. Initially, this first-order transition was inter-
preted as a charge-ordered state with a CE-type AFM phase
below 135 K, later it was confirmed that the AFM order is
of A-type [6]. However, from neutron diffraction studies on
Pr0.5Sr0.5MnO3 a different type of stripe-like charge order
with wave vector q ∼ (0,0,0.3) at all temperatures was in-
ferred [7]. The FM–AFM phase transition is also associated
with a structural transition from the tetragonal to monoclinic
phase [8]. The metallic FM phase can be restored by applica-
tion of a magnetic field of about 7 T [4]. In contrast, at some-
what lower doping a different structural transition was ob-
served: In Pr0.6Sr0.4MnO3 a transition from an orthorhom-
bic (space group Pnma) to a monoclinic (space group I2/a)
structure was inferred from powder neutron diffraction [9].
This phase transition is incomplete: even at 1.6 K a 12% vol-
ume fraction of the high-temperature orthorhombic phase
persists [9]. However, unlike the half-doped x = 0.5 com-
pound, Pr0.6Sr0.4MnO3 remains FM and metallic down
to lowest temperature. 55Mn nuclear magnetic resonance
(NMR) measurements showed a single resonance peak at
a frequency corresponding to an average value of the Mn4+
and Mn3+ resonance frequencies. This result rules out the
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possibility of short-range charge order and confirms a homo-
geneous metallic state [10]. Here, we investigate the nature
of the FM transition in Pr0.6Sr0.4MnO3 single crystals by
measuring a series of magnetization isotherms encompass-
ing the Curie temperature TC. We also show that the temper-
ature derivative of the resistivity displays a critical behavior.
Further, we illustrate that at temperatures below the struc-
tural transition, i.e. T < TS, the magnetization processes
are anomalous with a strong dependence on the magnetic
history resulting from a phase separation between the or-
thorhombic and the monoclinic FM phases.
2 Experimental
Single crystals of Pr0.6Sr0.4MnO3 were grown by the
floating-zone method. The crystals were characterized by
Laue back scattering, powder x-ray diffraction (XRD) and
transmission electron microscopy. The composition was
confirmed by inductively coupled plasma emission spec-
troscopy (ICPES). The resistivity and ac-susceptibility were
obtained using a physical property measurement system
(PPMS by Quantum Design) and isothermal magnetization
measurements were conducted in a superconducting quan-
tum interference device magnetometer (MPMS by Quantum
Design).
3 Results and Discussion
The temperature dependence of the ac-susceptibility, χ ′(T ),
measured along the crystallographic a axis with a frequency
of 1333 Hz and an amplitude of 10 Oe is presented in Fig. 1.
A clear FM transition is observed around 300 K. In addition,
χ ′(T ) displays an abrupt jump at around 64 K (notated as
TS) in the cooling cycle. This transition exhibits a sizeable
thermal hysteresis in χ ′(T ) as it is shifted by about 10 K (to-
wards higher T ) in the warming cycle. These data suggest
that this transition is of first order. The decrease of χ ′(T )
Fig. 1 ac-susceptibility as a function of temperature. The cooling and
heating cycle exhibit a sizable thermal hysteresis around the structural
transition TS
at TS when lowering the temperature indicates that the easy
axis of magnetization turns away from the c axis. A sim-
ilar jump in magnetization has been reported in polycrys-
talline Pr0.6Sr0.4MnO3 [11]. Hence, we attribute this jump
to the structural transition also observed in neutron diffrac-
tion studies [9]. In contrast, the FM transition at TC appears
to be continuous and to take place in a homogeneous struc-
tural state.
Figure 2 depicts the temperature dependence of the resis-
tivity, ρ(T ), indicating metallic behavior from 400 K down
to 5 K. The two anomalies are clearly resolved in ρ(T ): (i) at
TC the resistivity drops abruptly and (ii) at TS a hump in the
resistivity is observed. In the temperature range 130–240 K,
the resistivity follows a T 2 dependence (inset of Fig. 2) in-
dicating that Pr0.6Sr0.4MnO3 is in a Fermi liquid state. The
temperature dependence of the resistivity above TC is sim-
ilar to the one observed for La0.7Sr0.3MnO3 which trans-
forms from an incoherent metal to a coherent one at TC [12].
The sharp drop in ρ(T ) at TC results from the reduced con-
tribution of magnetic scattering. The temperature derivative
of resistivity, dρ/dT , shows a peak at TC (Fig. 3). A similar
behavior is also observed in La0.7Ca0.3MnO3. In metallic
ferromagnets, dρ/dT is expected to exhibit the same criti-
cal behavior as the specific heat following the Fisher–Langer
relation [13]. Therefore, we attempted a critical fit to the re-
Fig. 2 The temperature dependence of resistivity ρ(T ) presented in a
semi-logarithmic plot. In the inset, the experimental data ρ(T ) below
TC are compared to a T 2 law (solid line)
Fig. 3 dρ/dT in dependence on T showing the critical anomaly
around TC. The continuous line is the fit to the data as explained in
the text
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sistivity data with the standard expressions
dρ/dT = (A+)|ε|−α + B|ε| + C for T < TC (1)
and
dρ/dT = (A−)|ε|−α + B|ε| + C for T > TC. (2)
Here, A+/A− is the universal amplitude ratio, ε = T −
TC/TC the reduced temperature, α denotes the specific heat
exponent and B the coefficient of the non-magnetic common
linear background. Unfortunately, a fit to the data leaving
all parameters free was inconclusive as parameters became
strongly correlated. Therefore, both equations (1) and (2)
were fitted simultaneously to the dρ/dT vs. T data by fixing
the exponent to the expected value pertaining to the Heisen-
berg universality class α = −0.133. The temperature range
considered in the fitting procedure was 294 K ≤ T ≤ 313 K,
with the data in the rounded region of 300–303 K left off.
The results of this fit are compared to the experimental data
dρ/dT in Fig. 3. The fit yields the universal amplitude ra-
tio A+/A− = 1.49 (±0.02) and TC = 303.29 (±0.01) K.
This value of the amplitude ratio is close to the one expected
for the 3D Heisenberg universality class (A+/A− = 1.53).
Hence, our results are consistent with the expected behavior
at the continuous transition of a nearly isotropic ferromag-
net.
In order to further characterize the FM phase transition,
we carried out a series of isothermal magnetization measure-
ments around TC. According to the mean-field theory for a
continuous phase transition, the magnetization M close to
TC—when plotted as M2 vs. H/M (Arrott plots)—should
yield a series of straight lines, with the line at T = TC pass-
ing through the origin [14]. In the present case, we found
nonlinear Arrott plots indicating that the mean-field theory
is not applicable. This is not surprising since M(H,T ) of a
magnet belonging to the Heisenberg universality class is to
be described by modified exponents β = 0.38 and γ = 1.33
in M1/β and (H/M)1/γ (from mean-field theory β = 0.5
and γ = 1.0 resulting in the Arrott plot). With these trial
values for β and γ , so-called modified Arrott plots give
rise to perfectly linear lines for all temperatures, Fig. 4. At
T = 301 K, the line passes through the origin suggesting
that TC ≈ 301 K. Typically, for manganites the linear be-
havior in the modified Arrott plots is observed only for high
applied fields [15]. The remarkably parallel and linear lines
in Fig. 4 imply that an influence of competing AFM inter-
actions is absent, and Pr0.6Sr0.4MnO3 behaves similarly to
typical metallic ferromagnets, like Fe or Ni. We note that
the spontaneous magnetization and the inverse susceptibility
can be obtained from such modified Arrott plots (a detailed
analysis of the critical properties will be presented elsewhere
[16]). Our analysis of the modified Arrott plots and the resis-
tivity based on the Fisher–Langer relation suggests that the
Fig. 4 The modified Arrott plots M1/β vs. (H/M)1/γ with the expo-
nents β = 0.38 and γ = 1.33 at different measurement temperatures.
TC is obtained from the temperature at which the M1/β vs. (H/M)1/γ
line extrapolates to the origin
Fig. 5 M–H curves at 5 K after cooling the sample in zero field. The
virgin curve (loop 1) lies outside the subsequent magnetization curves
(loops 2 and 3). Inset: M–H curves at 60 and 100 K
critical properties of the paramagnetic–ferromagnetic transi-
tion in Pr0.6Sr0.4MnO3 are close to those of a 3D Heisenberg
ferromagnet with short-range interactions.
Below the structural transition, the magnetization proces-
ses are anomalous. In Fig. 5, the magnetization curves
M(H) at 5 K, 60 K and 100 K are shown. The measure-
ments were carried out after cooling the sample in zero
field. At 5 K, the virgin curve (loop 1) stays below all
subsequent M(H) loops (independently of sweep direction,
loops 2 and 3) and displays a series of characteristic jumps
at about 10, 28 and 40 kOe. Since hysteresis, remanence
and coercive field of all these curves are vanishingly small,
a prominent influence of the rare-earth (Pr) magnetism is
unlikely. However, a phase separation of Pr0.6Sr0.4MnO3
into a monoclinic FM and an orthorhombic phase at low
temperature has been reported earlier [9]. The transfor-
mation process on cooling apparently remains incomplete
in zero field, probably due to problems in accommodat-
ing the low-symmetry phase inside the orthorhombic high-
temperature phase. Therefore, the observed magnetic prop-
erties are likely related to a field-driven structural phase
transition. A similar magnetic behavior led to the infer-
ence of phase separation in Al-substituted Pr0.5Sr0.5MnO3
but involves the more commonly observed FM metallic to
AFM insulating phase transition [17]. We note that sev-
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eral scenarios are possible to describe the effects depend-
ing on whether magnetic fields favor the monoclinic or the
orthorhombic phase. As an example, a field-driven struc-
tural transition might occur if the two phases have differ-
ent spontaneous magnetic moments. This might well be
the case here since the spontaneous magnetic moment in
these manganites strongly depends on the Mn–O–Mn bond-
bending which differs in the two lattice structures. However,
at present it is not known which of the two structures in
the phase-separated microstructure of Pr0.6Sr0.4MnO3 owns
the higher spontaneous magnetization. Still, a transforma-
tion back from the monoclinic low-temperature phase to
the orthorhombic high-temperature phase may be favored
by the magnetic order in this compound, similarly to struc-
tural transformations in fields in certain magnetic Heusler
alloys [18]. A shift of phase boundaries in a fine microstruc-
ture explains the high driving fields for the transformation
process and the irreversible character of the magnetization
process.
An alternative mechanism might favor a redistribution of
crystallographic variants and structural phases due to dif-
ferent magnetocrystalline anisotropies. Such a mechanism
would resemble the recently investigated behavior of ferro-
magnetic martensites, the so-called magnetic shape-memory
materials [19]. However, the absence of strong hysteresis in
the subsequent M(H) curves (loops 2 and 3 in Fig. 5) after
the transformation process likely rules out a strong magne-
tocrystalline anisotropy as source of the observed transition.
We note that at temperatures very close to and above the
structural transition (inset of Fig. 5) an anomalous magne-
tization behavior is not observed. Further investigations are
needed to pinpoint the structural features and the irreversible
and incomplete character of the transformation processes
around T S.
In conclusion, metallic Pr0.6Sr0.4MnO3 displays con-
ventional magnetic behavior around TC that can be de-
scribed within the 3D Heisenberg universality class. How-
ever, below a structural phase transition, complex magnetic
behavior is observed that is likely caused by a heteroge-
neous, phase-separated state with different crystallographic
and magnetic phase fractions coexisting. The distinctive
feature of this manganite relies on the fact that these ef-
fects take place in a FM metallic system, as opposed to
more conventional cases (such as half-doped manganites or
Pr1−xCaxMnO3 [20]) in which an AFM phase and charge-
or orbital-order compete with a FM metallic state.
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